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ABSTRACT
Auxiliary payload accommodations often place CubeSats in unusual locations on the launch vehicle that result in
severe dynamic environments. CubeSats and their payloads have recently become more sophisticated and thus,
more sensitive to these harsh environments. This is even more relevant for larger CubeSats with very sophisticated
but fragile instruments. Developers of this class of CubeSats desire low environmental loads that can be accurately
predicted, in order to ensure mission success. One option is to reduce high dynamic loads through the
implementation of isolation. Before looking at reducing these levels, it is important to understand the actual levels
the CubeSat sees on launch, rather than just the levels input to the CubeSat dispenser. Primary spacecraft load
sources are discussed and compared to load sources for auxiliary payloads. CubeSat payload levels for different
dispensers are explored, including the transmissibility of a P-POD, an NLAS, and a CSD, both with and without
isolation in order to examine the CubeSat levels and how they differ with different constraint mechanisms.
INTRODUCTION

potential risks, such as solar cells or small fasteners
backing out, that are typically attributed to higher
frequency levels. The most effective method of
mitigating these concerns is to reduce the levels
themselves.

Over the past decade, the market for auxiliary payloads
has grown exponentially. What began as University
projects or technology demonstrations in the form of
CubeSats, have now become fully functional missions
from both commercial and government entities,
including Department of Defense. These spacecraft,
though small, are complex and expensive, making the
environmental loads from launch a subject of interest.
Understanding these environments is essential to
mission success.

Some CubeSat dispenser manufacturers have elected to
fix the CubeSat in place inside the dispenser in order to
easily model the environment that the CubeSat
experiences, which is a very good option for CubeSat
developers that desire to have a full understanding of
the environments to be used for analysis. Other, railtype, CubeSat dispensers have a “free” constraint in
their lateral, non-deployment, axes. This constraint is
more difficult to represent analytically, but provides
some inherent isolation from the vibration environment
input to the dispenser. Understanding the environments
and analysis methods available for each type of
CubeSat dispenser is important in order to make an
informed decision regarding which dispenser to fly
with.

One question is how typical auxiliary payload levels
compare to the loads on a primary spacecraft in the
fairing. Input levels at the payload attachment fitting
(PAF) are often very different than the levels
experienced at auxiliary payload mounting locations.
Auxiliary payloads, such as CubeSats, typically derive
design loads from a random vibration environment
defined by the launch vehicle, where larger primary
spacecraft design for acoustic loading due to their larger
size. Still, the random vibration environment specified
for CubeSats is the input to the CubeSat dispenser, not
the CubeSat itself, which adds yet another layer to the
comparison between CubeSat loads and primary
spacecraft loads. CubeSat loads can be determined
either through test, or through analysis, and are then
used to analyze structural strength of the CubeSat by
applying a static load derived from the overall level of
the random vibration. This allows CubeSat developers
to design their structure such that it will survive the
acceleration loading, but this does not cover other
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PRIMARY VS. AUXILIARY
ENVIRONMENTS

SPACECRAFT

Primary payloads derive their launch loads from
specifications from the launch vehicle, typically in the
form of static loads, sine vibration, acoustic, and shock
levels. Static design loads are typically on the order of
less than 10 g’s. Sinusoidal vibration loads for primary
spacecraft are typically under 1 g, at frequencies of 5100 Hz. These loads can be more of a design factor for
very large spacecraft with low natural frequencies, but
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not necessarily for smaller auxiliary payloads. Acoustic
pressure is another significant design driver for large
spacecraft because of their size. Spacecraft solar panels
are very susceptible to the acoustic loading present
during launch. In almost every case, CubeSats are not
susceptible to the acoustic loading in such a way that
would demand the CubeSats be designed to the acoustic
levels. This is because, the majority of the time, the
random vibration environment causes the most severe
loading for CubeSats, based on their size and location
on the launch vehicle.

The ABC levels are a moderate example of launch
vibration loads for CubeSat missions. They exhibit a
similar shape to the GEVS levels, but with higher levels
in the lower frequency, resulting in higher vibration
displacement. While the ABC levels are a realistic
example of auxiliary payload input loads, the GEVS
levels are used more frequently and will serve as a
better point of comparison throughout the rest of the
paper.
These random vibration levels are specified to be the
input into the CubeSat dispenser during ground testing
and on launch. How the random vibration levels
interact with the CubeSat depends on the dynamics of
both the CubeSat and the dispenser. The simplest way
to approximate a design load from the random vibration
power spectral density (PSD) profile, is to take the 3sigma approximation and multiply the overall Grms level
by 3 to account for 99.73% of all possible load cases,
for a total of 30 g’s in this example. It is more correct
to calculate the response to the vibration based on the
fundamental frequency of the CubeSat dispenser using
Miles’ Equation, but for simplicity a straight 3-sigma
approximation will be discussed.
Using this
approximation, dispenser loads are determined to be 30
g’s, but this is not exactly what the CubeSat is seeing,
as there is some level of transmissibility throughout the
frequency range. Understanding this transmissibility is
necessary to accurately design a spacecraft to the
launch environment.

Random vibration levels can quickly become very
severe load conditions. Frequently, lack of available
data drives CubeSats to design to General
Environmental Verification Standard (GEVS) random
vibration levels, which is shown below in Figure 1.
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CUBESAT DISPENSER TRANSMISSIBILITY
Figure 1 GEVS Acceptance Random Vibration
Levels1 (10.0 Grms)

After looking at the levels input to the dispenser, it is
important to note that those levels do not necessarily
transmit 1:1 to the CubeSat. In some cases, the
CubeSats are stiffly constrained, while in other cases
the CubeSat is “free” in that it has some room to shift.
Both cases affect dispenser transmissibility differently.

Launch loads are also publicly available, in some cases,
such as the Atlas V Aft Bulkhead Carrier (ABC). The
ABC Auxiliary Payload User Guide contains the levels
shown below, in Figure 2, for random vibration.

Rail-type Dispensers with “Free” Constraint

PSD (G2/Hz)
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In the “free” case, the gaps in the dispenser to CubeSat
interface, in the X- and Y- axes, allow the CubeSat to
shift during vibration meaning the high frequency, low
displacement, vibration environment is not effectively
transmitted to the CubeSat. This is the constraint
currently employed in the Poly-Picosatellite Orbital
Deployer (P-POD) and the Tyvak Nanosatellite Launch
Vehicle Adapter System (NLAS) Mk. II.
A
representation of the current constraint configuration
inside these rail-type dispensers is shown below in
Figure 3.
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Figure 2 Atlas V ABC Acceptance Random
Vibration Levels (7.6 Grms)
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CubeSat

Figure 3 Rail-type Dispenser Free Constraint
Configuration
CubeSats in this type of dispenser typically do not
experience the high frequency modes of the dispenser.
In some cases, significant isolation is present in the Xand Y- Axes. Test data in these axes, showing the
CubeSat response compared to the dispenser response
and input level for two different rail-type dispensers,
are below in Figure 4 through Figure 7.

Figure 6 P-POD and 3U CubeSat Response, X-Axis

Figure 7 P-POD and 3U CubeSat Response, Y-Axis
The NLAS X-Axis baseline CubeSat levels show
significant loads attenuation beyond 150 Hz, without
any isolation added. The overall level was reduced
from 10.1 Grms to 6.5 Grms. The NLAS Y-Axis (normal
to mounting plane) levels were a special case, because
there was a control issue that resulted in some high
frequency peaks being input to the dispenser. Still,
overall CubeSat response is less than half the NLAS
overall response level, and roughly even with the input.
The P-POD X-Axis (normal to mounting plane)
baseline CubeSat levels show that most of the peaks
from the P-POD response are not fed into the CubeSat,
resulting in an overall level of 10.2 Grms versus the PPOD overall level of 16.2 Grms. The P-POD Y-Axis
baseline CubeSat levels showed significant load
reductions above 100 Hz. The overall level in the YAxis was at 6.2 Grms compared to the P-POD, which
saw 22.3 Grms. This is an enormous reduction in loads,
without any isolation implemented to the system. The
isolation is provided because of the allowable CubeSat
displacement. There is even some damping provided
from the friction between the CubeSat standoffs and the
dispenser +/- Z-Axis contact surfaces.

Figure 4 NLAS and 6U CubeSat Response, X-Axis

Figure 5 NLAS and 6U CubeSat Response, Y-Axis
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Rail-Type Dispenser Deployment Axis (Z-Axis) Fixed
Constraint

Fixing CubeSat to Improve Transmissibility
The isolation and damping provided by “free”
constraint in these rail-type dispensers are beneficial to
the CubeSat, but they are much more difficult to model.
The presence of the “hard stop” of the CubeSat rails is a
non-linearity that is difficult to analytically represent.
Therefore, in order to fulfill testing requirements,
CubeSats are tested in a carrier that duplicates the
dispenser interface, with the required levels input to the
dispenser in order to be exposed to flight like loads.
This approach satisfies testing requirements, but does
not provide accurate loads for design. The only way to
determine CubeSat design loads is to either attempt to
model the non-linearity of the rail constraint, or seek a
way to improve the predictability of the constraint.

While the lateral X- and Y- Axes of rail-type dispensers
like the P-POD and the NLAS are free to shift, in the
deployment axis, or Z-Axis, the CubeSat has no room
to shift, as it makes contact with both the dispenser
door on the +Z side, and the pusher plate on the –Z
side. This constraint results in a different CubeSat
response. Test levels from Z-axis testing inside a
Tyvak NLAS Mk. II as well as the P-POD are shown
below in Figure 8 and Figure 9.

One way to make the constraint more predictable is to
lock down the CubeSat inside the dispenser so that it is
fixed. Dispenser manufacturers such as Innovative
Solutions in Space (ISIS), Planetary Systems
Corporation (PSC), and Astrofein have incorporated
fixed constraints, which makes predicted environments
easily obtainable with proper spacecraft finite element
models. While this method makes the analytical model
much simpler, it may have a negative effect on loads.
In order to test this, a 1U Test-Picosatellite Orbital
Deployer (Test-POD) was modified to make use of setscrews to rigidly fix the CubeSat mass model. The
CubeSat mass model response was measured and
compared to the response in the unmodified Test-POD.
The results from this comparison are shown below in
Figure 10.

Figure 8 NLAS and 6U CubeSat Response, Z-Axis

Figure 9 P-POD and 3U CubeSat Response, Z-Axis
The Z-Axis saw high frequency loads reduction, but
some lower frequency amplification in both the NLAS
and the P-POD. This amplification results from the
response of the dispenser door, which has its own level
of stiffness. However, there is still a reduction in
overall level from the dispenser response in the Z-Axis
due to the lower levels in the high frequency.

Figure 10 1U Test-POD CubeSat Response, Fixed vs
Free
The “fixed” CubeSat exhibited much higher levels due
to the dynamics of the Test-POD being driven into the
CubeSat.
Another misconception with rail-type dispensers is the
amount of shock that the CubeSat is seeing as it
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contacts the rails of the rail-type dispenser. In a TestPOD, testing was conducted to the same levels as
shown in Figure 10 with a shock accelerometer
mounted to the CubeSat mass model. The results are
shown below in Figure 11.

The primary goal of the softer rails is to provide
isolation to the CubeSat to significantly reduce the
environment, but an added benefit of this is that the
lack of a hard stop makes the environment more
predictable. This isolation provided by the soft rails is
another way to improve launch environments for
CubeSats. Isolated test results inside the P-POD are
shown below in Figure 13, Figure 14, and Figure 15,
showing both baseline and isolated levels. The P-POD
has a “free” constraint in the X- and Y- Axes with a
fixed constraint in the Z-Axis.

Figure 11 SRS of CubeSat Mass Model during
Random Vibration Testing
The 50 in/s line shown is what the industry considers a
non-damaging shock event.
Maximum predicted
environment (MPE) shock environments below 50 in/s
are stated as “benign” in section 2.4.4.1 of GSFC-STD7000A1 and as “non-damaging” in section 10.2.6 of
SMC-S-016.3 From 10 Hz to 10,000 Hz, the CubeSat
SRS loads were below the 50 in/s line, showing that the
shock seen by the CubeSat in rail dispensers is benign.
ISOLATION IMPLEMENTATION
TYPE DISPENSERS

ON

Figure 13 P-POD X-Axis CubeSat Baseline and
Isolated Responses

RAIL-

While fixing the CubeSat provides a more linear
constraint, the increased dynamics demand that the
dispenser be mounted on isolators in order to keep the
levels low enough for CubeSats to survive. Mounting
on isolators is a viable solution for some applications,
but the increased static/dynamic envelope is not
feasible for some launch configurations. Another way
to make the rail to CubeSat constraint behave more
linearly is to make the rails softer, so there is less rigid
interaction between the CubeSat and the dispenser rails.
A diagram describing the CubeSat constraint
configuration is shown below in Figure 12.

Figure 14 P-POD Y-Axis CubeSat Baseline and
Isolated Responses

CubeSat

Figure 12 CubeSat Constraint Configuration inside
Isolated Rail-type Dispenser

Pignatelli

5

31st Annual AIAA/USU
Conference on Small Satellites

Figure 15 P-POD Z-Axis CubeSat Baseline and
Isolated Responses
Figure 17 CSD Payload +Z Face Response with
Isolation (4.7 Grms)4

All three plots show significant load reductions,
bringing levels in all three axes to between 3.7 and 4.4
Grms from a 10 Grms input. One interesting discovery
was that subjected to the same load case, the isolated
“free” case exhibited a very similar loading to the
environment inside a “fixed” dispenser with isolation.
PSC’s 6U Canisterized Satellite Dispenser (CSD)
constrains its CubeSat payload by rigidly clamping two
tabs that run along the Z-Axis on each side, which fixes
the CubeSat in all 3 axes. Plots of test results from
vibration testing conducted by PSC inside the 6U CSD
are shown below in Figure 16, Figure 17, Figure 18 and
Figure 19. The CSD utilizes the “fixed” constraint and
uses externally mounted Moog ShockWave Isolators
for the isolated case.4

Figure 18 CSD Payload +Y Face Response (62.8
Grms)4

Figure 16 CSD Payload +Z Face Response (21.9
Grms)4

Figure 19 CSD Payload +Y Face Response with
Isolation (4.7 Grms)4
Pignatelli
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There are two things to take away from these plots:
•

•

transmissibility, but these parameters at the isolation
frequency are not necessarily correct at the higher
frequencies where the displacement is low enough to
not contact the rails.

Similar to what was seen in Figure 10, there is
a significantly lower baseline level with the
“free” cases (P-POD X- and Y- Axes), because
the dispenser dynamics are not driven into the
CubeSat payload.
For the higher level “fixed” case loads, there is
a much higher attenuation of levels because
higher magnitudes result in higher damping, as
well as the fact that there is some isolation
already built in to the “free” case. Another
aspect that is unaccounted for is the dispenser
dynamics, which can play a large role in the
“fixed” un-isolated case, but is largely
decoupled once the isolation is implemented.

CONCLUSION
Design loads for larger, primary spacecraft come from a
variety of factors that are mostly not design drivers for
small auxiliary payloads such as CubeSats. The
random vibration levels that drive CubeSat design loads
can easily turn into extremely high design loads without
taking into account CubeSat dispenser transmissibility
and dispenser/CubeSat dynamics. For this reason,
understanding the different CubeSat interfaces that are
currently available is important to ensure mission
success.

For these reasons, when isolation is added, the resultant
loads were all very similar. Isolated CubeSat responses
ranged from 3.8 Grms to 4.7 Grms across both dispensers
even though the baseline levels were significantly
different.

Different CubeSat dispensers can significantly change
what the CubeSat is actually seeing from a given
random vibration input. Fixed constraint dispensers
from PSC, ISIS, and Astrofein can actually cause
increased levels to the CubeSat, but the constraint is
easier to model because it’s a linear interface. What
this means is that CubeSat developers have a higher
fidelity estimate of what their launch loads will be,
which can lower the chances of having to re-test, but
because of the increased loads in the absence of
isolation, may drive design changes to survive the loads
imparted by those dispensers. Free constraint deployers
have a non-linear interface, but the evidence shows that
the transmissibility in these dispensers is lower, as
dispenser dynamics are not driven into the CubeSat. In
fact, significant load reductions are present even in unisolated dispensers. The downside of these dispensers
is that the non-linear interface is more difficult to
model.

Going forward, the same isolation system on this PPOD is ready to be implemented on a 6U NLAS. The
Y-Axis and Z-Axis CubeSat responses are expected to
be closer to the level of the current X-Axis response,
and the X-Axis response is also expected to improve.
As with any isolation system, some amplification is
expected in the low frequency, but the higher frequency
levels that are hazardous for the small components on
CubeSats will get significantly lower.
Analysis
Preliminary analysis results for the isolation system in
the P-POD have been published in the 2016
International Astronautical Congress5, which contains
isolation system response simulation results.

Adding isolation to any CubeSat dispenser helps with
loads, bringing overall levels down significantly. In the
case of the free constraint dispensers, the isolation helps
the system behave more like a linear constraint, making
analysis more achievable. In all cases tested so far,
isolation has been able to significantly reduce loads to
at most 47% of the input level. Another benefit of the
isolation is that the higher frequency levels, that are
typically associated with smaller component failures on
CubeSats, are significantly reduced. This means that
most of the concerns are simply with designing the
structure to be strong enough.
This serves to
dramatically reduce the chances of failures in vibration
testing.

The non-linearity discussed previously accounts for
some of the higher frequency disparities between test
data and analysis. In addition to the gaps that remain
between the CubeSat and the dispenser, the CubeSat in
this case is also modeled as a single concentrated mass.
Increasing the fidelity of the CubeSat model, including
that there were actually 3 separate mass models
integrated into the P-POD for this testing, some of the
higher frequency dynamics would likely more closely
follow the test data.
Another goal is to look at the allowable displacement
between the CubeSat and the dispenser rails, and set the
parameters of stiffness and damping to appropriately
reflect the actual conditions the CubeSat sees across the
entire frequency range. The current model is correlated
to test data by matching the isolation frequency and
Pignatelli
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